Recent studies have suggested that long standing elevated wall shear stress might degenerate the arterial wall and be involved in the pathogenesis of intracranial aneurysm formation and development. The present study focuses on the interplay between the hemodynamic stresses, arterial wall degeneration and deformation. By constructing a computational model and examining the hypotheses that govern the rules to grow an intracranial aneurysm, we simulate the formation and development of intracranial aneurysms. The high wall shear stress is found to propagate towards the proximal and distal end of the formed aneurysm, which becomes the key factor for the expansion of wall degeneration and aneurysm progression. The development of aneurysm is influenced by the wall shear stress threshold, the Reynolds number and the rate of wall degeneration. Our preliminary results indicate that computer simulation can be used in the study of aneurysm mechanics and yields new insight into the mechanism of aneurysm pathophysiology.
Introduction
Intracranial aneurysm is a cerebrovascular disease characterized by the local ballooning of the arterial wall. If untreated, intracranial aneurysms may rupture and cause subarachnoid hemorrhage (SAH). It has been generally accepted that hemodynamics plays an important role in the genesis, development and rupture of intracranial aneurysms (1) - (3) . Although the mechanism for aneurysm initiation and development has not been fully understood, it is suggested that intracranial aneurysms are acquired degenerative lesions as a result of hemodynamic stresses (4) - (7) . The interplay between structural defects and hemodynamic stresses is emphasized in Sekhar's review on the origin of intracranial aneurysm (8) . Kondo et al. (9) suggested that the socalled "vicious cycle", e.g., the interactive nature of morphological and histological changes and hemodynamic stresses, should be responsible for the development of aneurysm.
Although the exact cause for the degeneration of the arterial wall has not been clarified yet, it is accepted that hemodynamic forces alone are able to cause degeneration of the vascular structure. Among various hemodynamic factors, wall shear stress (WSS) has been proposed to be the candidate responsible for aneurysm initiation. It has been reported that high WSS is related with the degeneration of the arterial wall, and thus be involved in the formation of aneurysm (6) , (10) . Krings and colleagues (11) have reported a method for creating saccular aneurysms in rabbit in areas of high WSS. They also observed loss of internal elastic lamella in the high WSS region. Kim et al. (12) , (13) also reported that the site of endothelial injuries corresponds well to areas of high WSS. All these experimental studies points to the conclusion that exaggerated WSS can degenerate the arterial wall and give rise to the initiation of intracranial aneurysms.
The objective of this study is to examine the hypotheses that govern the rules to grow an intracranial aneurysm by focusing on the dynamic interaction between the hemodynamic stresses, degeneration of the arterial wall, and de-formation of the artery. Morphological changes and wall material properties are monitored step by step in our simulation. Such data could provide us with new insight into the mechanism of aneurysm formation and early development.
Methods

1 Model profile
In this study, we construct a numerical model of a 3-D curved tube, which is based on simplified yet typical cerebral arteries (14) . It consists a solid domain and a fluid domain. The solid domain corresponds to the solid arterial wall, and the fluid domain corresponds to the realm of fluid flow. The two domains are constructed in such a way that the outer surface of the fluid domain always matches that of the inner surface of the solid domain. Therefore, the deformation of the solid wall will immediately be transferred to the boundary change of the fluid domain.
The geometry and dimensions of the model are illustrated in Fig. 1 . As boundary conditions for the fluid domain, we designate the inlet flow profile to be parabolic and the outlet pressure to be zero. As boundary conditions for the solid domain, we apply a pressure difference of 13.3 kPa (100 mmHg) across the vessel wall (15) . Initially the material properties are set to be uniform throughout the solid wall with a Young's modulus of 2.0 MPa (16) , and the wall material is assumed to be linearly elastic and isotropic.
We assume that the working fluid is incompressible and Newtonian, with density 1.05 × 10 3 kg/m 3 and viscosity 3.5 × 10 −3 Pa·s (0.035 dyne·s/cm 2 ). Numerical calculations of both the solid and the fluid model are performed by the commercial finite element analysis software AN-SYS 7.1 (ANSYS Inc., USA). A total node number of 62 647 and total element number of 56 160 are used in the simulation. In order to obtain the correct value of the wall shear stress, we constructed the meshes of our model in such a way that the resolution of mesh is higher at the near-wall region ( Fig.1 (b) ). Also, we have checked the validity of the WSS values by modeling of a straight tube model. We compared the theoretical value and the WSS value obtained by our simulation and the error was within 0.2%.
WSS is calculated by the formula:
where τ is the WSS, µ is the viscosity of the working fluid, v is the component of the fluid velocity parallel to the wall, and y is the axis taken normal to the wall surface.
2 Simulation process
The fundamental concept of this model is illustrated in Fig. 2 We start from an initial arterial geometry, calculate the blood flow field and obtain the WSS distribution. Then we alter the local wall material properties based on the assumed relationship between the WSS and arterial wall degeneration. Alterations in vessel wall properties will again lead to changes of the model geometry and its WSS values, which are monitored step by step in our simulation. We follow each step of the process until a certain geom-etry is reached or the process stops automatically. In this study, we adopted WSS as the only hemodynamic stress.
2. 3 Relationship between the WSS and the mechanical properties of the wall Based on the literature that high WSS can lead to the degeneration of ECs, SMCs and other wall components (3) , we adopt the hypothesis that there is a threshold in the WSS above which the Young's modulus of the arterial wall will be decreased by a constant degeneration ratio k, i.e.,
where Y is the new Young's modulus, Y is the old Young's modulus, k is the degeneration ratio, and τ th is the WSS threshold. This is referred to as the "fundamental hypothesis" in our model. Once the arterial wall is degenerated due to elevated WSS, the degeneration is likely to continue even if the WSS has become lower than the threshold. Therefore, we also consider an improvement to the "fundamental hypothesis" in which we take into account this so-called "time remaining effect", i.e., we assume that the decrease of local wall Young's modulus will continue for several steps (four steps in this study). This is also referred to as the "extended hypothesis". In this study, all the simulations were performed using the extended hypothesis.
4 Influence of the Reynolds number, WSS threshold and degeneration ratio
While we have assumed the existence of WSS threshold, it is still difficult to measure the exact value of the threshold in vivo, and the effect of WSS threshold on the development of aneurysm is unknown. Therefore, we performe a series of simulations using different WSS thresholds to investigate the influence of WSS threshold on aneurysm development. The physiological range of mean WSS to which the vascular endothelial surface is exposed is known to be remarkably constant and close to 10-15 dyne/cm 2(17) . In another study, the theoretical optimal value of mean WSS in arteries was calculated to be 15 dyne/cm 2 (±25%) (18) . More recently, Chiu et al. (19) studied the effect of shear stress on the interactions between vascular ECs and SMCs and found that a shear stress of 12 dyne/cm 2 for 24 hours is able to alter the orientation of SMCs. On observation of these reports, we choose the WSS threshold in the range of 10 to 15 dyne/cm 2 . The Reynolds number of the flow is another parameter that can influence the development of aneurysm by changing the hemodynamic field inside the artery. We perform a series of simulations under a fixed WSS threshold to elucidate the influence of Reynolds number on the growth of aneurysm.
Although it has been widely reported that aneurysm walls are disrupted, the mode of wall degeneration is not known. The decrease of local Young's modulus can be caused by various factors. Currently there is still no data available on the rate of wall degradation in vivo. In this study, degeneration ratios of k = 2.0, 1.5 and 1.2 are tested to explore the effect of k on the growth of aneurysm.
Results
1 Wall deformation and the development of
aneurysm Dynamic WSS distribution and arterial wall deformation are obtained in every simulation step. The initial high WSS is found near the junction between the curved part and the straight part. Based on our assumption that high WSS will lead to the degeneration of the local wall, it is also where the aneurysm initiates. A typical result of the progression of aneurysm is illustrated in Fig. 3 . A degeneration ratio of 1.5, Reynolds number of 200 and WSS threshold of 15 dyne/cm 2 is used in this simulation. Since the model is symmetric with respect to the common median plane, we also plot the distribution of the wall deformation in 2-D, where we cut a longitudinal center line on the surface of the model through the aneurysm (Fig. 4) . The x axis value is the distance from the entrance along the center axis of the artery, and the y axis is the radius measured from the center line of the model to the corresponding point on the surface line which goes through the center of the aneurysm.
From Figs. 3 and 4 , the aneurysm initiates at the high WSS region, which is located at the end of the curved part, and it grows towards the distal end region. Both the width and the height of the aneurysm increase. And the development of aneurysm is nonlinear with time, being slow at the beginning and then accelerates. 
2 Wall shear stress distribution
The WSS distribution in different simulation steps is demonstrated in a 2-D plot as shown in Fig. 5 . It is clear that as the aneurysm develops, the WSS becomes more fluctuated with alternating high and low WSS, leading to new disruption of the arterial wall. The expansion of high WSS towards the proximal and distal end of the existed aneurysm is argued to be the driving force for the continuous development of aneurysm.
3 Distribution of the Young's modulus
With the change of the WSS, the distribution of the arterial wall properties changes accordingly. The distribution of Young's modulus is plotted in Fig. 6 .
Initially, there is a decrease near the center of the model due to high WSS in that region. As the aneurysm develops, further degeneration in the arterial wall occurs, and the low Young's modulus region expands towards the distal end. Fluctuation of Young's modulus values at the proximal neck are observed as the aneurysm grows, which can be related to the unstable WSS values in that region.
4 Influence of the Reynolds number and degeneration ratio
Using the "extended hypothesis", we carried out a series of simulations in order to study the influence of the Reynolds number and degeneration ratio on the development of aneurysm. The WSS threshold is kept at 15.0 dyne/cm 2 in all the cases. Results of this comparison are plotted in Fig. 7 .
In all the cases, the height of aneurysm increases with the increase of Reynolds number. And the influence of the Reynolds number is more significant when the degeneration ratio is larger. If k = 1.2, the height of aneurysm is almost the same with the Reynolds number being 220, 240 and 260, but in the k = 2.0 case, there is a considerable increase in the aneurysm height with increasing Reynolds number. However, in all the cases, the height of aneurysm is very small when the Reynolds number is 200. It seems that there is a Reynolds number threshold (in this study its value is between 200 and 220), under which the wall deformation is very small. And above this critical Reynolds number the wall deformation is much larger and the height of aneurysm depends little on the Reynolds number but more on other parameters such as the degeneration ratio. Figure 8 shows the development of aneurysm when the WSS threshold is set to be 11 dyne/cm 2 , 13 dyne/cm 2 and 15 dyne/cm 2 , respectively. The Reynolds number is kept at 200 and the degeneration used is 2.0 in all the simulations. It can be observed that the WSS threshold has a great effect on the growth of aneurysm. In the lower WSS threshold case, the aneurysm grows much higher and wider, and the surface of the aneurysm wall is more irregular which manifests characteristics of multiple aneurysms or daughter aneurysms. If the WSS threshold is higher, the growth of aneurysm is very slow. The height of aneurysm is one of the most important characteristics of aneurysm. The evolution of aneurysm height under different WSS thresholds is plotted in Fig. 9 . As a general trend, the aneurysm grows higher with lower WSS thresholds. In all the cases, the development in the height of aneurysm is nonlinear with time. In the 15th simulation steps, the growth during the first 10 steps is considerably slower that the latter 5 steps, which may be the "accumulating" effect of the extended hypothesis.
5 Influence of the WSS threshold
Discussion
In this study, we assume that elevated WSS will lead to arterial wall degeneration and thus trigger and drive the development of aneurysm. Various degenerative changes of the vessel wall have been observed including mechanical fatigue, occlusion of the vasa vasorum (20) , existence of media gaps (21) , apoptosis of medial smooth muscle cells (SMCs) (22) , reduced production of collagen (23) - (25) , and enzymatic digestion (26) . These degenerative changes may lead to the focal weakening of the arterial wall and are supposed to be responsible for the initiation of intracranial aneurysms (23) , (27) . One of the features of most previous research is that aneurysms are already formed in the models (idealized or patient-specific). Emphasis is laid on obtaining and analyzing the hemodynamic parameters inside and/or near the aneurysm (10) . Very few studies focus on how intracranial aneurysms initiate and how they grow. Since the growth of aneurysm modifies the distribution of the blood flow field and hemodynamic stresses (28) , which may cause more degenerative changes to the arterial wall and result in further progression of the aneurysm, we argue that this repeated interactive procedure is a key to understand the hemodynamics-induced progression of the disease.
The WSS inside the aneurysmal sac is found to be low (Fig. 5) . Most high WSS concentrates near the distal neck region of the aneurysm, which is consistent with previous reports (23) , (28), (29) . So the aneurysm first develops toward the distal neck region, and as the aneurysm enlarges, the previous distal neck region becomes part of the aneurysm sac. New distal neck region is created and the aneurysm keeps on growing. With the development of aneurysm, new high WSS regions are created at the distal and proximal end of the existed aneurysm, which becomes the driving force for the development of aneurysm toward these two ends, especially the distal end. Thus the aneurysm progresses as a result of the interaction between the WSS distribution and degeneration of the wall. The resulted aneurysm is not at the initial position where the aneurysm is generated, but somewhere distal to it (Fig. 3) .
As the aneurysm develops, fluctuation of WSS is observed mostly in the proximal neck region (Fig. 5) , which, in our model, leads to the fluctuation of Young's modulus in that region (Fig. 6) . The aneurysm surface near the proximal neck also exhibits certain degree of fluctuation (Fig. 4) . The credibility of all these phenomena requires more experimental support.
It can be observed from Fig. 7 that, in relatively low Reynolds numbers (below 220 in this study), there is little influence of the degeneration ratio on the height of aneurysm. However, in all the cases, the surface of aneurysm wall becomes smoother when the degeneration ratio is reduced from 2.0 to 1.2. When the Reynolds number is large, an increase in the degeneration ratio leads to increase of the aneurysm height. In other words, the degeneration of local arterial wall becomes more important when the Reynolds number of the flow is larger. This can be explained by the fact that the development of aneurysm is a result of the interaction between blood flow and arterial wall degeneration.
The aneurysm wall becomes smoother as we decrease the degeneration ratio; however, irregularity of the aneurysm surface still exists even if we have used a smaller degeneration ratio (Fig. 7) . As it is unlikely that the degeneration process of arterial wall is always infinitively slow, it is understandable that the surface of a real aneurysmal wall should exhibit certain unsmoothness. This is indeed the case as have been reported by previous studies (3) . The time step used in our modeling was not connected to the real time scale. It still depends on the geometry of the model, the wall mechanical properties, the degeneration ratio and other factors. It is known that the development of aneurysm is very unpredictable and the time scale for growing an aneurysm can vary from days to decades (30) , (31) . Since such data as the degeneration ratio is still not available from clinical or experimental studies, it is impossible to assign any physiological meaning to the time step. However, our time step does provide us with some relative sequence in the development of aneurysm. Especially when the geometry of two models is the same, this can be used as a basis to compare the speed of aneurismal growth.
The "time remaining effect" is a hypothesis used in our study in order to consider the possibility of further wall degeneration even after the local wall shear stress has been lowered. Since it is unlikely that the development of aneurysm is determined once the parent vessel geometry, wall shear stress threshold and other parameters are fixed, we tried to introduce other parameters to the model which are more or less related to biological process.
The WSS threshold in our hypothesis is a representation of the adaptability of the arterial wall to the local hemodynamic forces. Our results have shown that the development of aneurysm is very sensitive to the WSS threshold (Fig. 8) . Therefore, it would be logical to infer that its value is relatively stable provided that the WSS distribution is stable, since the WSS threshold is only a relative value with respect to the absolute local WSS, whose value depends on the fluid velocity.
Conclusions
By focusing on the interplay among the hemodynamic stress, arterial wall property, and the deformation of the wall, we simulated the formation and development of intracranial aneurysms arised from curved vessels. A WSS threshold was assumed in the present study, above which the Young's modulus of the arterial wall will decrease by a constant factor. Progression of aneurysm was observed in our simulation which resembled real aneurysm geometries. We also investigated the influences of three parameters: the WSS threshold value, the Reynolds number and the degeneration ratio. It was found that a decrease in the WSS threshold makes the aneurysm grow higher and wider and a decrease in the degeneration ratio makes the aneurysmal surface smoother. These findings suggest that we can gain insight into the progression of intracranial aneurysm by using computer simulation.
